Benzyl alcohol, benzaldehyde, benzoate, and anthranilate are metabolized via catechol, cis,cis-muconate, and the ␤-ketoadipate pathway in Acinetobacter calcoaceticus ADP1 (BD413). Mutant strain ISA25 with a deletion spanning catBCIJF and unable to metabolize muconate further will not grow in the presence of an aromatic precursor of muconate. Growth on fumarate as the sole carbon source with added benzyl alcohol or benzaldehyde selected spontaneous mutants of ISA25. After repair of the cat deletion by natural transformation with linearized plasmid pPAN4 (catBCIJF) 10 mutants were unable to grow on benzoate or cis,cis-muconate but could still grow on anthranilate. Transformation with wild-type chromosomal DNA demonstrated the presence of two unlinked mutations in each strain, one in the benABCD region, encoding the conversion of benzoate to catechol, and the other in a gene determining the ability to grow on exogenous cis,cis-muconate. The wild-type gene, named mucK, was cloned into pUC18, and its nucleotide sequence was determined. It encodes a 413-residue protein of M r ‫؍‬ 45,252 which is a member of a superfamily of membrane transport proteins and which is within a subgroup involved in the uptake of organic acids. Five of the mutant alleles were cloned, and the mutations were determined by nucleotide sequencing. All the mutations were in the mucK coding region and consisted of three deletions, one duplication, and a substitution. Insertional inactivation of mucK resulted in the loss of the ability to utilize exogenous muconate. The location of mucK on the chromosome appeared to be unique for genes associated with the benzoate branch of the ␤-ketoadipate pathway in being close to the pca-qui-pob gene cluster (for p-hydroxybenzoate utilization) and distant from the functionally related ben-cat cluster. Downstream of mucK and transcribed in the same direction is an open reading frame encoding a protein of 570 residues (M r ‫؍‬ 63,002) which shows considerable homology with a mammalian electron transport protein; its insertional inactivation had no detectable phenotypic effect.
The organization of the genes for the ␤-ketoadipate pathway for the catabolism of benzoate and p-hydroxybenzoate in Acinetobacter calcoaceticus ADP1 (BD413 [19] ) has been the subject of extensive investigation (8, 17, 20, 22, 25, 27-29, 31, 32) . The genes for the two convergent, biochemically and genetically homologous branches of the pathway are found in two supraoperonic clusters, the ben-cat cluster (29, 32) , comprising the genes for the conversion of benzoate to tricarboxylic acid cycle intermediates, and the pca-qui-pob cluster (2, 8, 9) , comprising the genes for the catabolism of p-hydroxybenzoate and quinate. Both clusters are Ͼ20 kbp and yet are separated on the chromosome by about 290 kbp (13) .
Investigation of the genetics of the pathway in strain ADP1 has been greatly advanced by the ease with which it undergoes natural transformation and recombination; this facilitates the cloning of DNA which complements mutations (2), the accurate mapping of mutations within a gene (11) , the recovery of DNA from the chromosome by gap repair (14) , and the physical mapping of genes on the chromosome (13) .
Spontaneous mutations in the structural and regulatory genes involved in the conversion of p-hydroxybenzoate to the ring cleavage product 3-carboxy-cis,cis-muconate have been generated by selection for the growth of a pcaBDK deletion mutant, defective in carboxymuconate dissimilation, in the presence of p-hydroxybenzoate or the ring cleavage substrate protocatechuate (11, 16) ; the mutations selected appear to relieve the toxic effect of carboxymuconate by blocking its endogenous accumulation. In this study we have adapted this procedure to the benzoate branch of the pathway by using a mutant (ISA25) with an equivalent deletion (catBCIJF) rendering it defective in the further metabolism of cis,cis-muconate. Among the selected mutants were 10 with double lesions, one in the benABCD region and the other in gene mucK, whose product appears to participate in the uptake of exogenous muconate.
MATERIALS AND METHODS

Maintenance of bacterial strains and plasmids.
A list of strains and plasmids used and constructed is in Table 1 . Acinetobacter strains were maintained and grown at 37°C on mineral salts medium (33) ; as carbon sources, succinate (10 mM), cis,cis-muconate (4 mM), and benzoate (2.5 mM) were added. Where appropriate, kanamycin was included at 10 g/ml. Escherichia coli strains were maintained on Luria Broth agar or nutrient agar or, if antibiotics were present, on Sensitivity Test agar (Lab M, Bury, United Kingdom). Kanamycin (50 g/ml) or ampicillin (100 g/ml) plus methicillin (100 g/ml) were added to solid or liquid media where necessary.
Transformation of Acinetobacter. Five to ten microliters of an overnight culture of the recipient grown on 10 mM succinate was inoculated into 400 l of fresh 10 mM succinate containing between 0.5 and 10 l of either a crude lysate of the donor culture (25) or a restriction enzyme-linearized plasmid preparation. After incubation at 37°C for 6 to 14 h, either 10 l of the culture was pipetted, without spreading, onto a suitable selective medium for the growth of transformants (for qualitative estimation of transformation) or, alternatively, 100 l was spread onto selection medium (for isolation of transformants as single colonies).
Cloning of Acinetobacter DNA and identification of cloned genes. Chromosomal DNA was prepared, cut with restriction enzymes, and ligated into linearized pUC18. The ligation mixture was used to transform competent E. coli cells by standard procedures (34) . The transformed culture was spread onto agar plates containing ampicillin and methicillin to give 200 to 600 colonies/plate. Colonies on these plates which contained recombinant plasmids carrying cloned mucK alleles were identified by replicating the plates, first onto fresh antibioticcontaining plates and then directly onto muconate-minimal agar spread with 100 l of an overnight culture of an appropriate Acinetobacter mucK mutant; ADPW33 or ADPW45 was routinely used for this. In any position where an E. coli colony carried a plasmid with a mucK allele which would complement the mutant, Muc ϩ Acinetobacter transformants grew, presumably because there was sufficient lysis of the E. coli to release plasmid DNA, which was taken up by the mutant by means of natural transformation (2) . Colonies of E. coli from the corresponding areas on the replicated antibiotic plate were removed and restreaked on antibiotic plates to single colonies, which were then individually toothpicked, and the same replication method was to identify those able to produce Muc ϩ transformants. DNA manipulations. Plasmid DNA was prepared with Qiagen kits (Qiagen Ltd., Crawley, United Kingdom). Restriction digestions, agarose gel electrophoresis, ligations, preparation of competent cells, and transformations into E. coli strains were carried out by following supplier instructions or by standard procedures (34) . E. coli DH5␣ (Life Technologies) or supercompetent XL1-Blue MRFЈ (Stratagene) cells were used as recipients for plasmids.
Insertion of lacZ-Km cassette. The lacZ-Km cassette was cut from pKOK6 (21) on a PstI fragment and inserted into mucK at the NsiI site in pADPW6 and into open reading frame 1 (ORF1) at the NsiI site in pADPW2 (Fig. 2) . Plasmids with the cassette in both orientations were retained and, after linearization by KpnI digestion, were used to transform ADP1 by selecting for Km r . : all Muc ϩ transformants tested had lost their Km r phenotypes. No similar check was possible with the cassette inserted into ORF1 (from plasmid pADPW2), as it produced no detectable phenotype. However, chromosomal DNA from each putative strain carrying the inserted cassette was cloned into E. coli, selecting for the acquisition of Km r , and restriction digests were performed to confirm the expected location of the lacZ-Km insert.
Utilization of muconate. Two milliliters of overnight succinate-grown cultures was inoculated into 100 ml of fresh 5 mM succinate medium and grown to a final A 600 of 0.6. The cells were harvested by centrifugation, washed in minimal medium, and recentrifuged, and the pellet was resuspended in 20 ml of minimal medium containing 2.5 mM succinate and 50 M muconate. Samples of 1.5 ml each were removed at intervals, immediately chilled on ice, and centrifuged. The disappearance of muconate was monitored by measuring A 260 .
Nucleotide sequencing and analysis. Nucleotide sequences were determined on an ABI automatic sequencer by Alta Biosciences, School of Biochemistry, University of Birmingham, Birmingham, United Kingdom. Oligonucleotide primers were either standard forward and reverse primers for pUC18 or were designed from the previous sequence. Wild-type sequences were determined from overlapping runs upon both strands with plasmids pADPW1, pADPW2, and pADPW4. Mutant sequences were determined on one or two strands, as appropriate to identify the lesion definitively. The approximate locations of the mutations were first determined by complementation both with linearized plasmids pADPW1, pADPW2, pADPW3, and pADPW5 and with PCR fragments generated from the wild-type sequence and spanning parts of the mucK gene; on the basis of these results appropriate sequencing primers were synthesized. DNA and protein sequences were analyzed with the DNASTAR software packages (DNASTAR Inc., Madison, Wis.). Homology searches of the databases used the BLAST programs (1) .
Nucleotide sequence accession number. The DNA sequence of the 4,037 bp carrying the complete reading frames of mucK and ORF1 has been submitted to GenBank under accession number U87258.
RESULTS
Selection of mutant strains. Wild-type ADP1 metabolizes benzyl alcohol, benzaldehyde, and anthranilate through the common intermediate catechol and the ␤-ketoadipate pathway ( Fig. 1) . Mutants of ADP1 with lesions in ben genes, which are involved in the conversion of benzoate to catechol (ADP137 and -138), do not grow on benzyl alcohol or benzaldehyde but can grow on anthranilate, whereas those with mutations in cat genes, which are involved in the dissimilation of catechol (ADP44, -134, -136, -154, -164, ADPW1, and ISA25), are unable to grow on any of the substrates. With the aim of generating spontaneous mutations in the steps for catabolism of benzyl alcohol, benzaldehyde, and anthranilate, the procedure which has proved successful in the p-hydroxybenzoate branch of the pathway (11, 16) was adapted for the benzoate branch. Stable deletion mutant ISA25 (⌬catBCIJF), blocked in the catabolism of cis,cis-muconate, is unable to grow on media containing both a nonaromatic growth substrate (such as succinate or fumarate) and any aromatic substrate (such as benzoate) which generates muconate because of the apparent endogenous toxicity of muconate. However, such media select for spontaneous mutants whose genes involved in steps leading to muconate formation have acquired lesions. Cultures of ISA25 were therefore plated onto 10 mM fumarate containing various concentrations (Ͻ2.5 mM) of benzyl alcohol, benzaldehyde, or anthranilate. Colonies of mutants which grew on these media were purified on the same media, and each was then transformed by incubation with EcoRI-linearized pPAN4, a plasmid which carries as an insert wild-type catBCIJF DNA extending on either side beyond the ISA25 deletion. To select transformants in which ⌬catBCIJF had been repaired by pPAN4, 10 l of each incubation culture was plated onto minimal agar plates containing single substrates of the benzoate branch of the pathway (benzoate, benzyl alcohol, benzaldehyde, anthranilate, or muconate). A comparison of the abilities of these cultures to grow (or not to grow) on these substrates enabled each acquired mutation to be identified. Of about 200 mutations examined most appeared to be either in the benABCD genes (growth on anthranilate and muconate but not on benzoate, benzyl alcohol, or benzaldehyde) or in catA (growth on muconate; on benzoate or anthranilate plates, cultures failed to grow but accumulated catechol as brown coloration). However, in two experiments, after selection on fumarate-benzaldehyde and on fumarate-benzyl alcohol respectively, 10 strains which, after the repair of ⌬catBCIJF, failed to grow on benzyl alcohol, benzaldehyde, benzoate, or muconate yet which grew on anthranilate were identified. Their ability to utilize anthranilate demonstrates that the cat cluster of genes have been repaired and are fully functional in these strains, but poses a question about their anomalous inability to utilize muconate (Muc Ϫ ), which is a direct metabolite of anthranilate, and their inability to utilize benzoate (Ben Ϫ ), which is also metabolized through muconate (Fig. 1) .
Characterization of mutations. All 10 strains (ADPW25, -28, -31, -34, -37, -40, -43, -46, -49, and -53) were transformed with ADP1 DNA and plated out separately onto either benzoate or muconate minimal agars. Single transformant colonies appearing on both media were purified, and their phenotypes were checked. Transformants which appeared on benzoate plates had also reacquired the ability to grow on benzyl alcohol and benzaldehyde but failed to grow on muconate. Those which appeared on muconate plates failed to grow on benzoate, benzyl alcohol, or benzaldehyde. It was therefore concluded that the Ben Ϫ and Muc Ϫ phenotypes of all the strains were the result of each having acquired two independent and probably unlinked lesions. One Ben Ϫ Muc ϩ transformant from each parent was retained (ADPW26, -29, -32, -35, -38, -41, -44, -49, -50, and -54), as was one Ben ϩ Muc Ϫ transformant (ADPW27, -30, -33, -36, -39, -42, -45, -48, -51, and -55) ( Table 1) .
To test whether the mutants all contained identical lesions, crude lysates were prepared from all strains in both classes of transformants (i.e., Ben Ϫ Muc ϩ and Ben ϩ Muc Ϫ ) and used to cross-transform all the strains within the same class to wild type; at the same time the ability of each to revert was assessed.
All the Ben Ϫ strains successfully cross-transformed each other, indicating 10 independent mutations. Transformations were also performed with linearized plasmids carrying regions of the benABCD region (pIB1351, pIB1354, pIB1356, pIB1381, and pIB1383; Table 1 ) and with PCR-generated fragments from the benABCD region (data not shown) (3). All were transformed to Ben ϩ by one or more of the linearized plasmids except for ADPW32, which could have a large deletion or a mutation from another region affecting benzoate utilization. None reverted to Ben ϩ at a detectable frequency. Of the Muc Ϫ strains, two (ADPW36 and -42) were not transformed by any of the others (although both were transformed to Muc ϩ by wild-type DNA), nor did their DNA transform any of the others; this indicates that their lesions are probably substantial deletions. Of the others, one pair (ADPW 39 and -55) failed to transform each other and might carry the same or a very closely linked mutation. Three mutants (ADPW27, -30, and -48) reverted to Muc ϩ at detectable frequencies.
Cloning of DNA complementing Muc ؊ mutations. In order to clone the wild-type DNA which complemented the Muc Ϫ phenotype, agarose electrophoresis of various restriction digests of chromosomal DNA was performed and different-size fractions were extracted from the gel by freeze-squeezing. With HindIII and SalI digests, small-size fractions were able to transform ADPW33 to Muc ϩ . As a result, HindIII-digested chromosomal DNA was ligated into pUC18 and plasmid pADPW1 with a 1.6-kbp insert of DNA (Fig. 2) was identified as described in Materials and Methods. Purified pADPW1 complemented all the Muc Ϫ strains except for those with deletions (ADPW36 and -42) and ADPW45. The same cloning strategy was repeated with ADPW45 as the test strain, and a second plasmid, pADPW2, which had a 2.7-kbp HindIII insert in pUC18 and which complemented the mutation in only ADPW45, was obtained. Restriction digestion of pADPW1 and pADPW2 indicated that a single XbaI-SalI fragment should span both of their inserts and this fragment was finally cloned as pADPW4 with a 2.7-kbp insert in pUC18 (Fig. 2) . By natural transformation, linearized pADPW4 complemented all Muc Ϫ mutants except ADPW36 and -42 to Muc ϩ . Nucleotide sequence. The nucleotide sequence extending 4,037 bp from the HindIII site in pADPW1 bp was determined (Fig. 3) . It contains two adjacent complete ORFs running in the same direction and, at either end, two partial ORFs transcribed in the opposite direction.
The putative product of the first ORF which we have called mucK is a protein of 413 amino acids with M r ϭ 45,252. A comparison with the databases (Fig. 4) shows that it is a member of the superfamily of transport proteins and fits into a cluster comprising bacterial proteins effecting the uptake of organic acids (23) .
At 133 bp downstream of the stop codon of mucK is the start codon of an ORF (ORF1) with a product of 570 amino acids (M r ϭ 63,002) transcribed in the same direction, which could be part of the same regulon. It shows striking homology with three eukaryotic proteins, two mammalian proteins involved in mitochondrial electron transport and a yeast protein with no known function. Upstream of mucK are 68 codons of a divergently transcribed ORF (ORF2) whose product shows some homology with a bile acid-inducible protein from a Eubacterium sp. (accession no. P19413) and L-carnitine dehydratase from E. coli (accession no. P31272). Downstream of ORF2 are 63 codons of the 3Ј end of a potential ORF (ORF3) whose product shows a limited homology to a human NADH-ubiquinone oxidoreductase.
Sequence of mutant mucK alleles. The DNA from five Muc Ϫ mutants was ligated into pUC18 on XbaI-SalI fragments (equivalent to wild-type pADPW4) from ADPW30 (pADPW9), ADPW33 (pADPW17), ADPW45 (pADPW14), ADPW51 (pADPW5), and ADPW55 (pADPW10). E. coli transformants carrying the mutant alleles were identified as was done for the wild-type mucK (see above) by replica plating onto lawns of ADPW33 or ADPW45 on muconate plates. The purified plas- mids were confirmed to be carrying the mutant allele by their ability to transform other mutants to Muc ϩ but their inability to transform the mutant from which they were prepared. The approximate location of each mutation within mucK was identified by checking whether plasmids pADPW1, pADPW2, pADPW3, and pADPW6 were able to transform the parent Muc Ϫ mutant. The appropriate region of the plasmid carrying the allele was sequenced with designed primers.
Only one of the sequenced alleles carried a point substitution: mucK33 carried a T3G transversion at base 806 in the   FIG. 3 . Nucleotide sequence of mucK and surrounding DNA. The coding regions run as follows: ORF2 (partial), bases 206 to Ͻ1; mucK, bases 538 to 1776; ORF1, bases 1910 to 3619; ORF3 (partial), bases Ͼ4037 to 3848. Their directions of transcription are denoted by arrows. The sequenced mutations in mucK are marked in bold and underlined: mucK30 has a 28-bp duplication; mucK51 has a deletion of 287 bp between the underlined direct repeats (the single dashed line covers the complete deletion and the double dashed lines represent the 8 bases at each end between which the recombination must have occurred); mucK55 has a 1-bp deletion; mucK33 has a point substitution; and mucK45 has a 1-bp deletion from within a sequence of TTTT.
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mucK reading frame. The mucK30 allele was the only one sequenced which reverts at a detectable frequency. Its mutation is a tandem duplication of 28 bases of the wild-type sequence (5ЈAAGCTGAGTTTAATTTAAGTACAGTTG3Ј) between bases 137 and 163 of the reading frame; presumably, reversion involves a simple recombination cross-over between the duplicated sequences. Two mutations are single base pair deletions: mucK55 has a deletion of a single A (base 703), and mucK45 has a deletion of T from a string of TTTT (bases 1119 to 1122). mucK51 has a 287-bp deletion between bases 223 and 510 (see Discussion). Insertional inactivation of mucK and ORF1. The cassette containing both a promoterless lacZ gene and the Km gene was excised from plasmid pKOK6 (21) as a PstI fragment and inserted in both orientations in the single NsiI site of mucK in pADPW6 to form plasmids pADPW7 and pADPW8 and into the NsiI site in ORF1 in plasmid pADPW2 (Fig. 2) to form plasmids pADPW11 and pADPW12. These plasmids were then linearized and introduced into wild-type ADP1 by natural transformation selecting for Km r transformants. The insertion of the cassette in either orientation into mucK (in strains ADPW88 and ADPW89) resulted in the loss of the ability to grow on muconate, but the strains with the inserts into ORF1 (ADPW93 and ADPW96) were able to grow on muconate at a rate which was indistinguishable from that of ADP1. mucK-dependent utilization of muconate. When succinategrown wild-type ADP1 is incubated in 50 mM muconate, the muconate disappears from the medium over the course of 1 h without any lag phase. However, by comparison, neither ISA25, defective in the ability to further metabolize muconate, nor ADPW33, able to metabolize endogenously generated muconate but defective in mucK, effects a significant loss of muconate from the medium under the same conditions (Fig. 5) ; depletion of muconate from the medium therefore clearly requires a functional mucK as well as a functional metabolism.
Role of mucK in the selection of mutants of ISA25. In order to test what role a mutation in mucK might have played in the original selection of the 10 double ben mucK mutants from ISA25, ADPW52 (mucK33 ⌬catBCIJF) was constructed by insertion of the catBCIJF deletion from ISA25 back into ADPW33 by transformation with DNA from ISA25 and screening for the loss of Ben ϩ . It was subjected to the original selection of growth on fumarate (or succinate) plus aromatic substrate. As happened with ISA25, mutant colonies appeared, and an analysis of a number of these, after repair with linearized pPAN4, showed that they had acquired mutations in either catA or benABCD. The mucK lesion therefore appeared to have no significant effect upon the subsequent acquisition of a second mutation of a gene involved in muconate production.
DISCUSSION
The mucK gene in A. calcoaceticus ADP1 confers upon it the ability to grow on exogenous cis,cis-muconate without affecting its ability to grow on substrates, such as benzyl alcohol, benzaldehyde, benzoate, and anthranilate, which are metabolized through muconate. This is deduced from the following: (i) 8 of the 10 spontaneous Muc Ϫ mutants are transformed to Muc ϩ by DNA from either pADPW1 or pADPW2; (ii) the lesions in 5 of these have been shown to be in the mucK reading frame; (iii) insertional inactivation of mucK but not ORF1 produces a Muc Ϫ phenotype; (iv) ADPW52 (mucK33 ⌬catBCIJF), with a deletion in the genes for muconate catabolism, is unable to grow on muconate or any of its precursors, whereas ADPW33 (mucK33) fails to grow on only muconate.
Two roles for MucK could account for the Muc Ϫ phenotypes of the mutants, transport or regulation. ADPW33, which is able to utilize endogenously generated muconate when growing on benzoate or anthranilate, does not deplete exogenous FIG. 4 . Similarity tree of transport proteins. The transported substrates and known sequence accession numbers are as follows: PcaK (pp) (P. putida), protocatechuate, gi506694; PcaK (ac) (A. calcoaceticus), protocatechuate, gi141780; Min6-8, possibly 3-hydroxyphenyl propionate, gi1657549; BenK, benzoate (5); TfdK, 2,4-dichlorophenylacetate, gi1518871; HhpK, 3-hydroxyphenyl propionate (2); NanT, possibly sialic acid, U19539; MucK, cis,cis-muconate (accession number in this paper); KgtP, ␣-ketoglutarate, sp125382; PcaT, protocatechuate, gi1206033; Bap3, bialophos, gi153176; CitA, citrate, sp116480; MopB, methyl-ophthalate, gi903977; ProP, proline, gi147357; Glf, glucose, sp121288; XylE, xylose, sp139841; GlcP, glucose, sp1346137; HXT2, galactose, sp123903; GLUT1, glucose, sp121751; AraE, arabinose, sp09830; GalP galactose, sp544368; Hup1, glucose, sp123737. PcaK (ac), BenK, and MucK all are from A. calcoaceticus ADP1. Cluster C is a subgroup of sugar transporters, and clusters A and B are two possible subgroups of organic acid transporters. muconate from the medium, suggesting that its block is in uptake (Fig. 5 ). An analysis of the amino acid sequence (Fig. 4) supports this hypothesis by demonstrating that MucK is squarely in the superfamily of membrane transport proteins (15, 23) and falls in cluster 3, which is composed of uptake systems for organic acids (23) , although the comparison (Fig.  4) suggests that there are two subclusters of organic acid transporters (A and B) at about the same distance from each other as they are from the sugar transport proteins (subcluster C). When the amino acid sequence is analyzed with the KyleDoolittle hydrophilicity plot or the Emini surface probability plot and DNASTAR it shows the structural motif of 12 large hydrophobic domains separated by smaller hydrophilic domains characteristic of transmembrane transport proteins. Strain ADP1 has two other homologous proteins associated with the ␤-ketoadipate pathway, PcaK (22) and BenK (6), just as it has other pairs of homologous enzymes associated with the benzoate and p-hydroxybenzoate branches. On the strength of their homologies with the transport protein superfamilies PcaK and BenK have been implicated in the uptake of protocatechuate (3,4-dihydroxybenzoate) and benzoate, respectively, but, unlike what was found for MucK, in neither case does disruption of the gene have a major effect upon the growth phenotype of the host (6, 22) . However, a homolog of PcaK has been identified in Pseudomonas putida (18) , where it has been possible to demonstrate its role in the ␤-ketoadipate pathway both in transport and chemotaxis.
The sequenced mutations in mucK span the entire gene. From the 5Ј end the alleles run as follows: mucK30 (duplication of bases 137 to 163), mucK51 (deletion of bases 223 to 510), mucK55 (deletion of base 703), mucK33 (substitution of base 806), mucK45 (deletion of T from sequence of TTTT, bases 1119 to 1122). The natures of two of the mutations carried by these alleles demonstrate that secondary structures or slippages in DNA may participate in spontaneous mutation as has been shown for ADP1 with mutations in pcaHG (11): both mucK30 and mucK51 probably arise as a result of sequence repetitions. The DNA in the region of the 27-bp duplication associated with mucK30 is replete with direct and inverted repeats (Fig. 6a) . The most likely of these to participate in the duplication is directly repeated sequence 5ЈAAGCTG (sequence d, Fig. 6a ) which occurs just before the duplication and is also the last 6 bases of the duplication. It is possible to envisage that slippage of the two strands between these two sequences, followed by misreplication of the resulting structure, could result in the duplication of the intervening DNA. At either end of the deletion associated with mucK51 are two direct repeats with 11 of 12 bases identical, at base 223 (5ЈGGTGGGCGTGTG) and at base 510 (5ЈGGTTGGCGTG TG) (Fig. 6b) . The deletion must result from recombination between these two distant sequences, with the cross-over somewhere between the 4th and 12th base of each.
It is unclear why selection for growth of ISA25 on benzaldehyde-fumarate or benzyl alcohol-fumarate resulted in double mutants with lesions in both benABCD and mucK. On the selective media used, the majority of mutations identified were single lesions in either benABCD or in catA. In either case, the single mutation is sufficient to stop the accumulation of muconate and permit growth. It is possible that a strain with a primary ben or catA lesion might subsequently acquire a mutation in mucK if it thereby became protected from toxicity resulting from transporting muconate into the cell from the medium. It has been shown that strain ISA25 excretes muconate into the medium during growth on benzoate (10), so the mutants are being selected under conditions of an increasing muconate concentration. However, we have no evidence that the double ben mucK mutants have any advantage over single ben or catA mutants during the selection procedure and, in preliminary experiments (data not presented), we have separately incubated both ISA25 (⌬catBCIJF) and ADPW52 (mucK33 ⌬catBCIJF) for up to 16 h in the presence and absence of exogenous 1 mM muconate and found no significant difference in cell viabilities, so the mucK lesion appears to confer no advantage in the presence of exogenous muconate. On the other hand we have shown, by subjecting ADPW52 to the same selection of fumarate plus benzyl alcohol or benzaldehyde, that if the mucK lesion occurred first, there is still a selective pressure for acquisition of a second mutation in ben or catA. It is possible, therefore, that an initial lesion in mucK affords some early advantage to cells on the selection medium but that, in order to grow to visible colonies, a subsequent mutation in ben or catA would still be required to overcome the production of endogenous muconate. Cross-transformations of the original double mutants showed that they were not sibs resulting from a single event: the double mutational response occurred a number of times independently. The physiological nature of "muconosis" is clearly a complex one, but the acquisition of a double mutation in genes for an enzyme and a permease is not unique to this work and has been shown in similar selections with both branches of the ␤-ketoadipate pathway (7, 24) .
Muconate is one of the key intermediates in the ␤-ketoadipate pathway in both Acinetobacter and Pseudomonas, in both of which it induces enzymes for benzoate catabolism (5, 26, 30) . Clearly, the presence of an uptake system for muconate has important implications for the physiology and ecology of Acinetobacter. However, we are not certain that MucK has evolved to transport exogenous muconate. Apart from the apparently anomalous chromosomal location of mucK, well separated from the rest of the genes for muconate utilization, there is the fact that Acinetobacter strains do not usually grow on muconate, although some will apparently mutate to do so (36) . In preliminary experiments we have found that DNA from some wild-type Acinetobacter strains will transform the ADP1 mucK mutants to Muc ϩ , although only at very low frequencies and although none of the strains themselves grow on muconate. The gene responsible for this transformation could function in the uptake of some other substrate and, if originally present in ADP1, it may have mutated at some stage to accommodate muconate as a substrate. All the mucK mutants generated in this study retain the ability to grow on succinate, adipate, and fumarate, so MucK's role is not as a general dicarboxylic acid permease. An additional result which adds some extra weight to a physiological role for mucK involving some substrate other than muconate is its chromosomal location. Whereas the ben-cat genes involved in benzoate, catechol, and muconate utilization are clustered on the ADP1 chromosome (29, 32) , mucK has been shown to map within 10 kbp of the pca-qui-pob cluster (2, 8, 9) , encoding the quinate and p-hydroxybenzoate branch of the ␤-ketoadipate pathway, but about 300 kbp distant from the ben-cat cluster (13) .
Downstream and transcribed in the same direction is ORF1, which bears striking similarity to the ORFs of two mammalian proteins, the electron transfer flavoprotein-ubiquinone oxidoreductases from humans and swine (4, 12) . Although the eukaryotic proteins are longer, alignment of the sequences (data not presented) shows that 50% of the amino acids of the ORF1 product are shared with them over its entire length and that it lacks only the leader sequence and a sequence associated with the binding of a second flavin adenine dinucleotide molecule. As the mammalian protein is part of the mitochondrial matrix involved in electron transport, it is likely that the ORF1 product, like MucK, is a membrane-associated protein in Acinetobacter. However a lacZ-Km cassette inserted into ORF1 in either orientation in ADPW93 and ADPW96 has no effect upon their abilities to grow on muconate. If it is cotranscribed with mucK, as its location might suggest, then its function clearly has no direct effect on the uptake or metabolism of muconate.
